A nanoscale laser induced fluorescence imaging was proposed by using fluorescent dye and the evanescent wave with total internal reflection of a laser beam. The present study focused on the two-dimensional measurement of zeta-potential at the microchannel wall, which is an electrostatic potential at the wall surface and a dominant parameter of electroosmotic flow. The evanescent wave, which decays exponentially from the wall, was used as an excitation light of the fluorescent dye. The fluorescent intensity detected by a CCD camera is closely related to the zeta-potential. Two kinds of fluorescent dye solution at different ionic concentrations were injected into a T-shaped microchannel, and formed a mixing flow field in the junction area. The two-dimensional distribution of zeta-potential at the microchannel wall in the pressure-driven flow field was measured. The obtained zeta-potential distribution has a transverse gradient toward the mixing flow field and was changed by the difference in the averaged velocity of pressure-driven flow. To understand the ion motion in the mixing flow field, the three-dimensional flow structure was analyzed by the velocity measurement using micron-resolution particle image velocimetry and the numerical simulation. It is concluded that the two-dimensional distribution of zeta-potential at the microchannel wall was dependent on the ion motion in the flow field, which was governed by the convection and molecular diffusion.
Introduction
Electroosmotic microchannel flow (1) induced by an external electric field has been used as a liquid driving force in the capillary electrophoresis chip and the miniaturized biochemical device such as micro total analysis systems and lab-on-a-chip. An electrostatic potential at the microchannel wall, i.e., the zeta-potential, which is a dominant parameter of electroosmotic flow, is dependent on the ion concentration, pH and temperature in the liquid (2) . Hence, the zeta-potential distributes spatially and temporally at the wall by the ion diffusion and thermal transport in the mixing and chemical reacting flow. Measuring the zeta-potential distribution is critical to achieve the precise flow control using electrokinetics.
In previous works, the zeta-potential has been evaluated by the current monitoring (3) and streaming potential measurement (4) , but these techniques only provide spatially and temporally averaged value in the microchannel. The zeta-potential also has been estimated from the electroosmotic flow velocity measured by micron-resolution particle image velocimetry (micro-PIV) (5) (6) . This technique utilizes the Helmholtz-Smoluchowski equation relating the zeta-potential and the electroosmotic flow velocity. However, because the Helmholtz-Smoluchowski equation assumes that the zeta-potential is uniform in the microchannel, it is difficult to extend to the two-dimensional measurement.
The objective of the present study is to develop a novel optical measurement technique of the wall zeta-potential. A nanoscale laser induced fluorescence (nano-LIF) imaging is proposed by using a negative ion fluorescent dye and the evanescent wave (7) with total internal reflection of a laser beam. The nanoscale optical measurement in the vicinity of the wall is achieved by using the evanescent wave, which decays exponentially from the wall. Because the fluorescent dye concentration near the wall is electrically affected by the zeta-potential, the zeta-potential is obtained by detecting the fluorescent intensity excited by the evanescent wave. Measurements are performed in a mixing flow, where two kinds of solution at different K + concentrations are driven by pressure-driven flow. In order to understand the ion motion in the mixing flow, the velocity measurement by micro-PIV is performed, and the ion concentration is calculated from the scalar transport equation by using the micro-PIV results. A relationship between the zeta-potential distribution at the wall and the motion of K + is investigated from the obtained results. 
Measurement Principle

Electric Double Layer and Zeta-Potential
In general, when the solution contacts with the surface of microchannel material such as glass and poly(dimethylsiloxane) (PDMS), the material surface is charged negatively. Positive ions in the solution are attracted toward the charged wall surface and form an ionic layer with the thickness on the order of nanometers, i.e., the electric double layer (1) (2) , as illustrated in Fig.1 . The electric double layer is composed of the Stern layer formed by the ions absorbed to the wall and the Gouy-Chapman layer formed by the diffused ions. The zeta-potential is defined as the electric potential at the shear plane between the two layers.
Theory of the Evanescent Wave
When a laser beam pass through an interface separating two media of different refractive indices, the light is partially reflected back into the first medium (n = n 1 ) and partially transmitted into the second medium (n = n 2 ) as depicted in Fig. 2 . The angles of incidence and refraction, θ i and θ r , respectively, are related by the Snell's law, 1 2 sin sin .
When the incident angle is larger than that at θ r = 90°, i.e., the critical angle, the light is totally reflected at the interface, and the electromagnetic field of the light penetrates into the second medium. The evanescent wave intensity decays exponentially with the distance, z, from the interface, defined as
where I 0 is the intensity at the interface. Figure 3 shows the profile of evanescent wave intensity in the vicinity of the interface between silica glass (n 1 = 1.461) and water (n 2 = 1.336). The evanescent wave decays from the interface more significantly with increasing the incident angle. 
Zeta-Potential Measurement by the Nano-LIF Imaging
The present study proposes the nano-LIF imaging for the zeta-potential measurement by using the fluorescent dye and the evanescent wave as shown in Fig. 4 . The nanoscale optical measurement in the vicinity of the wall using the fluorescence is performed by detecting the fluorescent intensity excited by the evanescent wave. The fluorescent intensity is generally given by
where φ is the quantum yield and γ is the molar absorption coefficient (8) .
Alexa Fluor 546 (Molecular Probes, Inc.), which becomes a negative ion in the solution, was selected as the fluorescent dye for the zeta-potential measurement. Tabel 1 lists the properties of Alexa Fluor 546. The fluorescent dye concentration, c f , at the distance from the wall, z, is given by the Boltzman distribution,
where c f0 is the bulk concentration of fluorescent dye, z f is the charge number of fluorescent dye, F is the Faraday constant, R is the Gas constant and T is the temperature of liquid. ψ(z)
is the electrostatic potential at the distance from the wall, which is obtained by the Debye-Huckel approximation
where ζ is the zeta-potential at the wall and λ D is the thickness of the electric double layer,
i.e., the Debye length (1) (2) . Equations (5) and (6) show that the fluorescent dye concentration in the vicinity of the wall is related to the zeta-potential. The fluorescent intensity excited by the evanescent wave is obtained by substituting Eqs. (2) and (5) where M is the molecular weight of fluorescent dye. When the penetration depth of the evanescent wave is constant, Eq. (7) reduces to
where f is the coefficient determined by the zeta-potential. Therefore, the detected fluorescent intensity is dependent on the zeta-potential. In order to avoid the measurement error associated with the excitation intensity distribution, the fluorescent intensity is normalized by that at the reference zeta-potential,
3. Experimental Section
Experimental Apparatus
In the present study, an evanescent wave illumination system is required to perform the zeta-potential measurement using the microchannel with a width on the order of 100 µm.
Total internal reflection fluorescence microscopy (9) based on the objective lens, which is widely used for the evanescent wave illumination, enables the high S/N measurement, but the magnification of objective lens is limited to higher than 60. Hence, the evanescent wave illumination system based on two prisms, which is independent on the magnification of objective lens, was developed. Figure 5 (a) shows the measurement system using an inverted fluorescence microscope (Nikon Corp., TE2000U). Fluorescent dye solution was injected into a microchannel composed of a PDMS chip and silica glass with a thickness of 1 mm. The microchannel was located on the two prisms with index matching oil. A laser beam (Laser Quantum, Ltd., Excel, λ = 532 nm, 1 W) was introduced into the silica glass through a prism, guided with total internal reflection at an incident angle of θ i = 75° and finally thrown out from another prism. As shown in Figs. 5(b) and (c), the evanescent wave was generated at the silica glass-solution interface with the penetration depth of 93 nm calculated from Eq. (3). It is noted that the incident angle of θ i = 75° was estimated from the geometrical optics by using the angle of laser beam of 60.5° as shown in Fig. 5(a) . The estimated incident angle has some errors. However, because the incident angle is enough larger than the critical angle of 66°, the error of the penetration depth is only ±0.9% when the incident angle has an error of ±0.2°. Because the laser beam intensity has the Gaussian distribution, the evanescent wave intensity near the edge of the illumination area is low compared with that in the center and results in the detection error of the fluorescent intensity. Thus, a pinhole (d = 1 mm) and a convex lens (f = 1500 mm) were used to change the intensity profile of the laser beam into uniform for high S/N measurement. Figure 6 shows the intensity profile of diffracted laser beam at the interface. The beam profile was generated by an out-of-focus diffracted beam with the central maximum and first sidelobes.
The fluorescence excited by the evanescent wave was collected by an objective lens (Nikon Corp., CFI S Fluor, 10×, NA = 0.5) and captured by a CCD camera (Hamamatsu Photonics K. K., C4880-80) through an emission filter. The frame interval of the CCD camera was set to be 37 ms.
Calibration Curve for the Zeta-Potential Measurement
A calibration curve for the zeta-potential measurement was obtained by detecting the fluorescent intensity at the uniform zeta-potential. Five kinds of solution were prepared. Each solution was composed of a 5 mmol/l HEPES solution to keep the pH constant. A potassium chloride was added to change the concentration of K + . Alexa Fluor 546 was dissolved into the solution to 15 µmol/l. The zeta-potential at the silica glass wall, which is dependent on the cation concentration in the solution, is estimated from the empirical equation obtained by Scales et al (4) . 1 . 02 10 10 ( 0.058log pH 0.026) ( log ) c , the cation concentration in the solution was assumed to be equal to the K + concentration.
100 measurements of the fluorescent intensity excited by the evanescent wave were performed at five points in the measurement area of 400 × 300 µm at the silica glass wall as shown in Fig. 7 . A measurement error caused by the fluctuation of excitation light was reduced to the standard deviation of 0.5% by the pixel averaging per 8 × 8 pixel. The influence of the background noise of the CCD camera was removed by subtracting the background intensity from the detected intensity. Figure 8 shows the calibration curves at five points in the measurement area. Due to the influence of the excitation intensity distribution, each calibration curve has a different profile. In order to minimize the influence, values at −57.3 mV were chosen as reference values, yielding a single calibration curve by Eq. (9) as shown in Fig. 9 . The fluorescent intensity increases with increasing the zeta-potential. It is noted that the repulsive Coulomb force is added to the negative ion fluorescent dye by the negatively charged wall. Hence, when the zeta-potential closes to zero, the Coulomb force is reduced, and the fluorescent dye concentration in the vicinity of the wall is increased. This results in increase of the fluorescent intensity. The two-dimensional measurement of zeta-potential at the microchannel wall was performed by using the calibration curve as shown in Fig. 9 . The spatial resolution was 7.9 × 7.9 µm based on the CCD pixel size of 9.9 µm/pixel and the magnification of objective lens. The measurement uncertainty in 95% confidence level was ±11 mV based on the elemental errors as shown in Table 3 . Dominant factor of the uncertainty was spatial and temporal instability of the laser beam, which resulted in the bias limit by the laser instability and the precision index by the data reduction using the calibration curve. Therefore, the measurement accuracy will be improved by using a laser beam with high stability.
Two-Dimensional Measurement of the Zeta-Potential in the Mixing Flow
Experimental Setup
The two-dimensional measurement of the zeta-potential at the silica glass wall was performed in the mixing flow with different K + concentrations. Figure 10 Table 2 were selected as the working fluids. The fluorescent dye solutions were injected into inlet I and II and driven by pressure-driven flow. The fluorescent intensity near the silica glass wall in the junction area (50 µm ≤ x ≤ 450 µm, −150 µm ≤ y ≤ 150 µm) was detected, and the zeta-potential distribution was obtained by using the calibration curve.
Results and Discussion
Solution D at a 3.55 mmol/l K + was injected into inlet I and II at the averaged velocity of pressure-driven flow, U ave = 575 µm/s. It is noted that the averaged velocity was Figure 11(a) shows the two-dimensional distribution of the zeta-potential at the silica glass wall. The zeta-potential is approximately constant at −58 mV with errors caused by the fluctuation of excitation light and the scatter light due to cracks on the glass surface. Solution A at a K + concentration of 0.1 mmol/l and solution E at that of 7 mmol/l were injected into inlet I and II, respectively, at the equal flow rate. Figure 11(b) shows the zeta-potential distribution at U ave = 575 µm/s. In comparison with the zeta-potential distribution shown in Fig. 11(a) , the zeta-potential is lower at y ≤ 0 in the stream of solution A and higher at y ≥ 0 in the stream of solution E. The gradient of the zeta-potential in the Y-direction with the range from −94 mV to −50 mV is observed. When the averaged velocity was set to be 176 µm/s, the zeta-potential distribution was changed as shown in Fig. 11(c) . The Reynolds number was 1.75 × 10 −2 . The zeta-potential gradient becomes smaller compared with that shown in Fig. 11(b) . Therefore, it is concluded that the zeta-potential distribution at the wall with the transverse gradient was formed in the mixing flow with different K + concentrations. In addition, the zeta-potential distribution in the mixing flow field was changed by the difference in mass transport velocity.
Analysis of the Flow Structure in the Mixing
Analysis Methodology
In order to understand the motion of K + in the mixing flow, the three-dimensional flow structure was analyzed. The K + concentration in pressure-driven flow at steady state is governed by the scalar transport equation.
The diffusion coefficient of K + is 1.96 × 10 −9 m 2 /s (10) . In the present study, the velocity measurement using micro-PIV was performed, and the K + concentration was calculated from Eq. (11) by using the velocity obtained by micro-PIV.
Fluorescent tracer particles with a diameter of 1 µm were added to the flow field, and the fluid velocity was measured by micro-PIV. The inverted fluorescence microscope was used for the measurement. A continuous mercury lamp was used as the light source, and the excitation light was provided through an excitation filter. The 100 particle images were captured by the CCD camera at the frame interval of 37 ms through an oil immersion objective lens (Nikon Corp., CFI Plan Fluor, 40×, NA = 1.3). The instantaneous velocity vector was calculated by the cross correlation of particle images with the reference window of 16.5 × 16.5 µm. Because 50% overlap of the reference windows were performed, the distance between velocity vectors was 8.25 µm. The ensemble averaging technique was applied to the 100 instantaneous velocity vectors to avoid a measurement error caused by the Brownian motion of particles. The two-component velocities (u, v) in the XY-plane of 323 × 273 µm were measured at z = 5 µm, 10 µm, 15 µm, 20 µm and 25 µm in the junction area of the T-shaped microchannel. The spatial resolution was 16.5 × 16.5 × 3.8 µm (11) .
The three-dimensional distribution of K + concentration was calculated by using the micro-PIV results. Control volumes were located at the coordinate of velocity vectors, and the three-component velocities were applied. It is noted that the velocity in the Z-direction, w, is considered to be zero because of the flow direction and the pressure gradient. In addition, from the micro-PIV results, the mass conservation law was satisfied by the velocity in the X-direction, u, and that in the Y-direction, v, at the control volumes. Therefore, w was assumed to be zero in the numerical simulation. The K + concentrations at inlet I and II were applied as the boundary condition. The discretized equation of Eq. (11) with the power-law scheme (12) was calculated to get convergence. . Therefore, it is concluded that the K + concentration is kept constant in the depth-wise direction because the molecular diffusion is dominant in the depth-wise direction in the microchannel with a 50 µm depth.
Results and Discussion
Formation of the Zeta-Potential Distribution at the Wall
Formation of the zeta-potential distribution at the microchannel wall in the mixing flow was investigated. Figure 14 shows the comparison of the profile of zeta-potential at the wall obtained by nano-LIF with that of K + concentration at z = 25 µm in the flow field obtained by the numerical analysis (x = 100 µm). In the flow field with solution D, the zeta-potential is uniform at the wall. On the other hand, in the mixing flow field with solution A and E, the distribution of K + concentration is generated by the convection and diffusion, and results in the zeta-potential distribution at the wall with the gradient in the Y-direction. In the mixing flow field at U ave = 176 µm/s, the gradient of K + concentration in the Y-direction is smaller compared with that at U ave = 575 µm/s by the effect of molecular diffusion, and resulted in the zeta-potential distribution with the smaller gradient. Therefore, it is concluded that the zeta-potential distribution at the wall was generated by the transport of K + in the flow field, which is governed by the convection and diffusion.
Conclusions
A novel measurement technique of the zeta-potential at the microchannel wall was developed. The nano-LIF imaging was proposed by using the fluorescent dye and the evanescent wave with total internal reflection of the laser beam. Two-kinds of solution at different K + concentrations were driven by pressure-driven flow and mixed in the T-shaped microchannel. The two-dimensional distribution of zeta-potential at the silica glass wall was measured. The flow structure in the mixing was investigated by the micro-PIV measurement and the numerical analysis. The three-dimensional distribution of K + concentration was calculated by using the micro-PIV results. The important conclusions obtained from this work are summarized below.
(1) A nanoscale optical measurement in the vicinity of the microchannel wall with a range on the order of nanometers was performed by using the evanescent wave to excite the fluorescent dye. The negative ion fluorescent dye was selected, and the fluorescent intensity excited by the evanescent wave was detected. The two-dimensional measurement of the zeta-potential at the wall in the mixing flow was enabled by using the fluorescent intensity. The spatial resolution and the measurement uncertainty with the present measurement system was 7.9 × 7.9 µm and ±11 mV, respectively. (2) From the results of nano-LIF imaging, it is concluded that the two-dimensional distribution of zeta-potential at the wall was generated in the mixing of two solutions at different K + concentrations. The zeta-potential distribution is dependent on the K + concentration in the mixing flow field, which is governed by the convection and diffusion. The knowledge obtained from this work will contribute to achieving the control of the zeta-potential at the microchannel wall by utilizing the ion transport in the flow.
